Although its major components have been known almost since the earliest exploring expeditions, even today the terrestrial biota of Antarctica is surprisingly poorly described in detail. It is clear that most currently ice-free ground in Antarctica would have been covered and scoured by glacial advances at the Last Glacial Maximum or previous maxima. Exceptions to this generalisation include parts of the Victoria Land Dry Valleys and some inland nunataks and mountain ranges at altitude, which host their own largely unique biota. However, as new baseline survey data have become available, in combination with the application of techniques of molecular biological analysis, new evidence has been obtained indicating that long-term persistence and regional isolation is a feature of the Antarctic terrestrial biota whose generality has not previously been appreciated. As well as creating a new paradigm in which to consider the evolution and adaptation of Antarctic terrestrial biota, this opens important new crossdisciplinary linkages in the field of understanding the geological and glaciological history of the continent itself. Superimposed on this emerging historical template of Antarctic biogeography, this biota now faces the twin challenges of responding to the complex processes of climate change facing some parts of the continent, and the direct impacts associated with human occupation and travel to and between the spatially very limited areas of terrestrial habitat.
Introduction
Antarctica is the only one of the Earth's continents not to have a long-term history of human contact and inhabitation. The continent itself was first landed on approximately two centuries ago (the northern Antarctic Peninsula), and East Antarctica only a little over a century ago, while the sub-Antarctic islands were mostly discovered and their marine-based living resources rapidly over-exploited over the last two to three centuries. Antarctica is an ice-bound continent, only 0.34% of its area is currently ever free of snow or ice in the form of terrestrial ecosystems including exposed nunataks, cliffs and seasonally snow and ice-free areas. Even then, most of these appear biologically barren, with the majority in areal terms being at higher altitude inland locations (see Table 1 in Convey et al., 2009a) . Visibly developed terrestrial ecosystems are best represented in coastal areas, particularly along the Antarctic Peninsula, and the 'oases' of the East Antarctic coastline. Most icefree areas are small and 'island-like' (Bergstrom and Chown, 1999) , isolated by hostile ice and sea across a range of physical scales. The McMurdo Dry Valleys of southern Victoria Land provide the major exception to this generalisation, forming an area of w40,000 km 2 . Large parts of the continent can be described as frigid desert (Sømme, 1995) .
Biological diversity means ''the variability among living organisms from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part; this includes diversity within species, between species, and of ecosystems'' (Anon., 2009 ). However it is considered, Antarctic terrestrial biodiversity is depauperate. At species level (species 'richness') diversity is low, at higher taxonomic levels many groups are missing altogether, and in functional terms, many functions or services are poorly or not represented (Convey, 2007a) . The fauna consists entirely of invertebrates, and then with only two higher insect species present (both Diptera) (Block, 1984) , while plant communities are predominantly cryptogamic (lower plants -mosses, liverworts, lichens) (Ochyra et al., 2008; Øvstedal and Smith, 2001 ). Only two higher plants are present on the Antarctic continent, both restricted to coastal regions of the Antarctic Peninsula, although a larger diversity of both higher plants and insects are found on the subAntarctic islands (Convey, 2007b) . For most groups of biota, survey data and up-to-date taxonomic treatments are lacking and large gaps remain in knowledge of their biology and biogeography (e.g. Adams et al., 2006; Chown and Convey, 2007; Peat et al., 2007) . This is particularly true for the microbiota, which some recent studies are indicating may be considerably more diverse than previously thought (e.g. Cowan et al., 2002; Pearce et al., 2009) . Some of the simplest faunal communities on the planet are found on the Antarctic continent (Convey and McInnes, 2005; Freckman and Virginia, 1997) . Trophic complexity of these ecosystems is also generally simple, although few rigorous autecological studies are available to justify this assumption in reality . Until recently, few microbial data have been available, although this is now changing rapidly with the application of cutting edge molecular biological and ecophysiological techniques (e.g. Boenigk et al., 2006; Cowan et al., 2002; De Wever et al., 2009; Lawley et al., 2004; Taton et al., 2006; Vyverman et al., 2010; Yergeau et al., 2007) . However, the spatial coverage of these studies at continental scale remains very limited.
These simple terrestrial ecosystems are thought to be vulnerable to environmental change, in particular in the context of changes to distributions and colonisation and invasion by species not currently native to Antarctica (Bergstrom and Chown, 1999; Convey, 2006; Freckman and Virginia, 1997; Kennedy, 1995a, b; Walther et al., 2002) . There is potential for new ecological niches to be occupied and trophic functions to become established, inevitably changing structural and functional aspects of the ecosystems. The native biota are not well equipped to respond to such changes, being constrained by their typically ''adversity-selected'' life history strategies and lacking well-developed competitive abilities (Convey, 1996a; Convey et al., 2006; Frenot et al., 2005) .
Biogeography and history
Terrestrial biologists have generally recognised three biogeographic zones within Antarctica (Convey, 2007a; Smith, 1984; Longton, 1988) . These are most frequently described as the sub-, maritime and continental (or frigid) Antarctic (Fig. 1) , although other terminology has been used, and generically separate the terrestrial habitats of the main part of the continent, the Antarctic Peninsula, and the surrounding high latitude Southern Ocean islands. The ecosystems and climatic parameters of these three zones are distinctively different (Convey, 1996b; Walton, 1984) .
Recently, the application of both classical biogeographical analyses and modern molecular phylogenetic and phylogeographic techniques has been used to argue that this visualisation of Antarctic biogeography is too simplistic, and that elements of the contemporary Antarctic terrestrial biota have a long-term history in situ in Antarctica over multi-million year timescales (Convey and Stevens, 2007; Convey et al., 2008 Convey et al., , 2009b Pugh and Convey, 2008) . Examples are now available pertinent to different timescales, although virtually all are inconsistent with a view widely held until recently that the majority of the Antarctic terrestrial biota must be recent colonists due to repeated extinction events through successive glacial maxima culminating in the Last Glacial Maximum (LGM) only w20,000 years ago (Fig. 2) . These include, for instance, (1) the long-term (>c. 50 Myr) persistence of 'sister' chironomid midge species endemic to different and tectonically distinct elements of the Antarctic Peninsula and Scotia Arc (Allegrucci et al., 2006) , on a timescale consistent with the geological separation of Antarctica and South America (cf. Livermore et al., 2007) ; (2) ancient divergences between endemic springtails from the Transantarctic Mountains of East Antarctica, suggesting radiation on at least a Miocene timescale (21e11 Myr) ; (3) recent phylogeographic studies demonstrating within-species divergence events throughout the Pleistocene in springtails of Victoria Land and the Antarctic Peninsula (McGaughran et al., 2010; Stevens et al., 2007) ; and (4) the recognition of species-level endemism patterns, for instance in Antarctic nematode worms which, despite the generalisation of being highly capable of long-distance dispersal, present a fauna almost or entirely endemic to Antarctica Andrássy, 1998; Maslen and Convey, 2006) . Chown and Convey (2007) recognised a striking biogeographical boundary between the Antarctic Peninsula and the remainder of West and East Antarctica (named the Gressitt Line), with a complete lack of overlap at species-level in the faunas of the two regions across the dominant terrestrial faunal groups (particularly Acari, Collembola, Nematoda) strongly suggesting dissimilar but ancient origins. Regionalisation is also now becoming apparent at much smaller physical scales within Antarctica , providing a new and pressing challenge for the conservation and management of the continent's terrestrial biota.
It has been thought that microbial groups in Antarctica may not be as isolated from contact with lower latitudes as is the case of macroscopic organisms, through their apparently high potential for aerial transport (Finlay, 2002) . Therefore, before the advent of molecular approaches, and based on morphological taxomomy, it was often assumed or proposed that the majority of species present in Antarctica were cosmopolitan (e.g. see discussion in Pearce et al., 2009 ). Unfortunately, because many microbial species (and also many microcscopic metazoans) are difficult to identify using classical approaches it has until recently been impossible to explore adequately whether 'uniqueness' equates to 'endemicity', although rapid advances are now being made through the application of molecular biological approaches (Boenigk et al., 2006; De Wever et al., 2009; Sands et al., 2008; Sjoling and Cowan, 2003; Tindall, 2004; Taton et al., 2006; Vincent, 2000) . Despite the general importance of aerobiological dispersal for microbiota (Pearce et al., 2009 ) and confirmation of its occurrence at least at intra-regional scale within Antarctica (Hughes et al., 2004) , the most recent studies of molecular diversity are starting to support a degree and timescale of isolation in Antarctic microbial taxa that are comparable with those now proposed for the majority of macroscopic groups (Vyverman et al., 2010) .
Biological response to climate change in Antarctica
The combination of the magnitude of changes being experienced in parts of Antarctica and the generally simple terrestrial ecosystems present is expected to lead to easily identifiable consequences (e.g. Bergstrom and Chown, 1999; Convey, 2001 Convey, , 2006 Kennedy, 1995a; Walton et al., 1997; Wynn-Williams, 1994 . As a broad generalisation, environmental amelioration (i.e. warmer temperatures and increased water availability) is predicted to lead to (i) increased rates of local and long distance colonisation, and (ii) local-scale population expansion, leading to (iii) increased terrestrial diversity, biomass and trophic complexity, (iv) more complex ecosystem structure, and (v) a switch from the current dominance of physical environmental variables to biotic factors (e.g. competition, predation) driving ecosystem processes. However, in reality, the picture is far more complex as these two environmental variables may interact to increase abiotic stress levels (e.g. warming resulting in increased desiccation, increased cloud cover leading to lower temperatures, reduced cloud cover leading to more frequent freeze-thaw events, etc.). Changes in other stressors, such as increasing radiation linked either with changes in insolation/cloud cover or the formation of the ozone hole may also lead to negative consequences for biota and foodwebs, through requiring resource allocation to mitigation strategies.
Two lines of evidence have been applied to predictions of climate change responses, those being observational ecological studies, and a range of laboratory and field environmental manipulations. It should also be noted that manipulation approaches are often primarily used to examine ecophysiological or biochemical responses to changes in environmental stresses, rather than community level and biodiversity responses. While manipulations are inevitably subject to a range of methodological limitations and caveats (Kennedy, 1995b) , they remain the only practicable means of achieving even partially realistic long-term studies at remote and unhospitable locations, while more recent studies have made considerable advances in overcoming the previous methodological limitations (Bokhorst et al., 2007a,b; Day et al., 1999) . Several reviews of the findings of these studies in the Antarctic have been published (Convey, 2001 Kennedy, 1996) .
However, and despite the considerable attention drawn by rapid trends of environmental change over recent decades in parts of Antarctica, particularly the Antarctic Peninsula and some sub-Antarctic islands, there are surprisingly few robust scientific studies of biological responses to these changes in nonmanipulated terrestrial ecosystems. The most widely quoted example is that of rapid population expansion and local-scale colonisation by the two native flowering plants (Deschampsia antarctica and Colobanthus quitensis) in the maritime Antarctic (Fowbert and Smith, 1994; Parnikoza et al., 2009; Smith, 1994) . These studies, in essence based on serendipitous sampling opportunities at a single location (the Argentine Islands), currently remain the only repeat long-term monitoring studies published of any terrestrial vegetation or location in Antarctica. The population expansions observed are interpreted as warming and increased water availability in terrestrial habitats encouraging the growth and spreading of established plants, increased frequency of successful seed set, and increased germination and establishment of seedlings. Anecdotally, similar changes are seen in the local distribution and development of typical cryptogamic vegetation of this region. Further, as these vegetation changes creates new habitat, there are concurrent changes in the local distribution and abundance of the invertebrate fauna that then colonises them. However, robust baseline survey data and monitoring studies capable of documenting these changes remain critically lacking (Convey, 2006) , and their establishment must now form an urgent priority.
Prompted by the difficulty in downscaling measures of macroclimatic variables and trends to the microhabitat scale relevant to most Antarctic terrestrial biota, Block and Convey (2001) and analysed a long term study of the water relations of the arthropod fauna on Signy Island (maritime Antarctic), proposing these tiny organisms as a proxy means of measuring water availability and changes therein. Their data suggested systematic changes in patterns of water availability in these habitats that were consistent with local climate trends e in particular evidence for water being available earlier in the spring and later in the autumn, and a period of increased water stress in mid-summer.
Warming and changes in precipitation patterns have increased biological production in lakes, largely driven by decreases in the duration and extent of lake ice cover and increased mixing of the water column (Quayle et al., 2002 (Quayle et al., , 2003 Vincent et al., 2008) . Lakes may also be sensitive to systematic changes in wind directions leading to exposure to air masses from different sources e for instance, some continental lakes have recently become more saline due to drier conditions leading to greater evaporation . The limited observational data are supported by a number of field manipulation studies that have been completed at sub, maritime (the majority) and continental Antarctic sites. Although earlier studies suffered from serious methodological limitations (Kennedy, 1995a) , in simple terms, they demonstrated that the soil microbial flora, bryophytes and invertebrate fauna respond rapidly to what were interpreted as improved environmental conditions (Convey and Wynn-Williams, 2002; Kennedy, 1994; Smith, 1990 Smith, , 1993 Smith, , 2001 WynnWilliams, 1996) with greatly increased populations (Fig. 3) . The adoption of more refined and proven manipuation methodologies, with better replication and in some cases multivariate approaches to the manipulation of temperature, water and radiation regimes (e.g. Bokhorst et al., 2007a Bokhorst et al., ,b, 2008 Day et al., 1999 Day et al., , 2001 Sinclair, 2002) has shifted the emphasis from the simple description of rapid responses to a higher level of integrated and improved understanding. Responses to these manipulations have been quantified in terms of plant biochemistry, morphology, life history and ecology, and and at different trophic levels, including the decomposition cycle, across the food web. It is now appreciated that biological responses to environmental change at individual organism or species level are often subtle, but that they may integrate to give far greater impacts for the community or ecosystem (Convey, , 2006 Day, 2001; Searles et al., 2001) . There is also a clear need to continue such field experiments for periods long enough to permit the often large and artefactual responses to the initial perturbation to stabilise, almost inevitably a process far longer than the typical research funding cycle, again highlighting the critical need for commitment to long term studies.
Direct human impacts on biodiversity
In global terms, the numbers of visitors who land or spend time on Antarctica would appear low relative to other continents. However, only 0.34% of the continent's area is ice-free (British Antarctic Survey, 2004), and only a small proportion of that area is found in the coastal regions where terrestrial ecosystems are best developed (Table 1 in Convey et al., 2009a) , charismatic megafauna congregate, and research stations are preferentially constructed through ease of logistic access and construction, and proximity to research locations. These factors combine and drastically magnify the potential for human impact upon the very ecosystems and biological communities that are the target of research and public interest.
The contemporary intensity of human activity on the Antarctic continent and surrounding sub-Antarctic islands is in most cases greater than it has been throughout history since their discovery and initial exploration, only one to three centuries ago (Frenot et al., 2005; Tin et al., 2009) , although the industrial exploitation of marine resources from certain subAntarctic islands, particularly South Georgia, provide exceptions to this generalisation (Convey and Lebouvier, 2009 ). The research and associated logistic activities of the 40þ national operators representing signatory nations of the Antarctic Treaty System account for w5000 persons visiting the continent each year. Numerically, these are divided fairly evenly between operations in the northern Antarctic Peninsula region (including the South Shetland Islands) where the majority of national research stations are established, and Victoria Land where, despite the fact that only three stations are present, one of these (McMurdo) has a typical summer population of over 1000 staff. Other research stations are dispersed widely along the East Antarctic coastline and, increasingly, in the continental interior.
Tourist numbers have been increasing rapidly since the 1980s although have plateaud recently, most likely a temporary response to global economic recession. Currently, over 30,000 individuals each year visit and land in Antarctica as tourists, the large majority on organised cruises, supported by a further 10e15,000 ship's crew and service personnel. The large majority of these visit the northern Antarctic Peninsula and islands of the Scotia arc, typically landing at a small number of well-known locations (Lynch et al., 2010 ).
Lynch et al.'s study highlights the concentrated nature of these landings, with 55% of landings in this area taking place at only 8 locations, the majority of these receiving approaching 10,000 individual visitors in recent years, and two (Port Lockroy, Half Moon Island) receiving up to 16,000. However, while there are clearly more tourists than national operator personnel expressed on either an annual or a specific location basis, the latter typically spend considerably longer periods on the continent.
Few objective scientific reports have attempted to quantify human disturbance to Antarctic terrestrial and freshwater ecosystems (Poland et al., 2003; Tejedo et al., 2009 ). The presence of stations, vehicles and their operations clearly leads to local pollution through dispersal of chemical pollutants, dust, and direct damage to vegetation, soil surfaces and freshwater systems (Bargagli, 2005; Kaup and Burgess, 2002; Tin et al., 2009) . Soil and freshwater ecosystems may experience eutrophication through human activities (Ohtani et al., 2000) . Specific studies of human-formed tracks document considerable impact on plant species and soils on various sub-Antarctic islands (Gremmen et al., 2003; Scott and Kirkpatrick, 1994) , and likewise on soil properties and invertebrates in the maritime Antarctic South Shetland Islands (Beyer and Bölter, 2002; Tejedo et al., 2009) , and soils in the continental Antarctic (Campbell et al., 1998) . A common feature of these studies are comments to the effect that recovery from these types of disturbance to vegetation and soils may take decades, at least.
Anthropogenic transfer
Antarctica and its terrestrial ecosystems are isolated on a range of intra-and inter-continental scales, within the continent by the island-like nature of areas of ice-free ground, and inter-continentally by the atmospheric and oceanic circulations surrounding the continent, combined with the vast distances and inhospitable conditions that must be survived while in transit and on arrival. Nevertheless, natural colonisation events have taken place and continue to do so (Barnes et al., 2006; Clarke et al., 2005) , utilising a range of dispersal mechanisms and routes (e.g. Hughes et al., 2006) . Human-assisted transfers of biota overcome several of the barriers facing natural colonists, in particular being possible much more rapidly (hours to days) than the natural processes, and in avoiding the extreme environmental stresses (e.g. low temperature, osmotic stress, desiccation, radiation) inherent in transfer at altitude in the atmosphere, or on the ocean surface. It remains difficult to estimate the relative importance of natural and human-assisted colonisation routes into the Antarctic, although at two remote Southern Ocean islands (Gough Island, Marion Island) it has been estimated that the latter has outweighed the former by at least two orders of magnitude since their discovery (Gaston et al., 2003; Gremmen and Smith, 2004) .
Across most sub-Antarctic islands, the last two centuries of human contact have seen major impacts on terrestrial ecosystems from the deliberate and accidental introduction of many plants and animals (Convey, 2007b; Convey et al., 2006; Convey and Lebouvier, 2009; Frenot et al., 2005 Frenot et al., , 2008 , providing an urgent warning of the potential consequences should invasive species become established on the Antarctic continent (Convey, 2008) . Although very few establishment events have yet been recorded in this latter region, it is already known that accidental transfers of biota do occur, particularly associated with cargo, vehicles, food and personal clothing (Sjoling and Cowan, 2000; Frenot et al., 2005; Whinam et al., 2004) .
During the early phase of human contact with the continent and surrounding islands there were many cases of deliberate import of vertebrates for transport, food and recreational purposes. On many sub-Antarctic islands these, along with the accidental introductions of rodents, invertebrates and plants, have led to large impacts on native species and ecosystems (Bergstrom et al., 2009; Bonner, 1984; Chapuis et al., 1994; Convey et al., 2006; Convey and Lebouvier, 2009; Frenot et al., 2005 Frenot et al., , 2008 Leader-Williams, 1988) . Even after the establishment of the Antarctic Treaty System, there were several botanical transplant experiments during the 1960s and 1970s, involving the transfer and survival of a range of temperate, Arctic and sub-Antarctic species under maritime Antarctic conditions (Smith, 1996) . While such experiments are no longer permitted, and the original plant material was completely removed after the experiments, it was realised in the 1980s that an unintended consequence at one location had been the introduction and establishment of sub-Antarctic terrestrial invertebrates (and, presumably, a still unknown number of microbial taxa) . These species remain to the current day (Hughes Table 1 Overview of major trophic functions introduced to or significantly augmented in sub-Antarctic ecosystems through the introduction of non-indigenous terrestrial invertebrates (drawn from Frenot et al., 2005 , and additional unpublished data of P. Convey and R.S. Key).
Invertebrate group
Trophic function introduced or augmented Earthworms (Annelida) (7 spp.) New detritivore pathways Slugs (Mollusca) (3 spp.) Herbivory Woodlice (Crustacea) (2 spp.)
New detritivore pathways Mites (Acari) (12 spp.)
Range of function, though mostly detritivores Springtails (Collembola) (11 sp.) Detritivores Aphids (Homoptera) (9 sp.) Herbivory, potential synergy with native and non-indigenous microbial disease-causing agents and transfer Beetles (Coleoptera) (3 sp.)
New and aggressive predators Flies (Diptera) (15 sp.)
Detritivores, may release decay bottlenecks Plant pollinators, potential synergy with insect-pollinated non-indigenous plants and Worland, 2010), with no realistic possibility of remedial action to remove them. Overall, the presence of all non-indigenous biota known to date can be most plausibly be linked with 'national' operations and their preceding industrial exploitation industries with, despite expressed concerns, none to date linked with the rapid expansion of the tourism industry within Antarctica over the last few decades (Convey and Lebouvier, 2009; Frenot et al., 2005; Tin et al., 2009 ). There are currently far fewer non-indigenous species known to be established on the Antarctic continent (five confirmed, at least three others unconfirmed) than on the sub-Antarctic islands (w200) (Convey, 2008; Frenot et al., 2005 Frenot et al., , 2008 ; R.I.L. Smith and M. Richardson, unpubl. data) . While several vertebrates, invertebrates and plants on various sub-Antarctic islands clearly have 'invasive' status (sensu Frenot et al., 2005) , and others are identified as having high potential to switch from their current 'persistent' status under current regional environmental change scenarios, there is at present no evidence of any of the persistent non-indigenous species established on the continent becoming invasive. A common feature of many of the non-indigenous species already known to be established in the subAntarctic is that they belong to ecological functional groups, or introduce trophic functions, that are poorly or not represented in the native communities. To an extent this is obvious in the case of non-indigenous vertebrates, as no terrestrial vertebrate herbivores or predators are present in any Antarctic region, a fact that underlies the importance of parts of the region as population centres for many of the charismatic vertebrates of the Southern Ocean (Woehler et al., 2001) , and the evolution of unique megaherb-dominated plant communities (Mitchell et al., 1999) . However, a large number of terrestrial invertebrates has also been introduced to ecosystems within the Antarctic, and their impacts are less widely known, yet still potentially fundamental to ecosystem functioning (Table 1) . Additionally, anecdotal and a few published reports are available of yet further non-indigenous biota existing synanthropically for shorter or longer periods (i.e. directly in association with human activity, such as within station buildings, associated with foodstuffs, etc.) (Greenslade, 2006; Hughes et al., 2005) .
In reality, knowledge of the presence, distribution and impacts of non-indigenous species in the Antarctic is currently far from perfect, and the available data on numbers of such species are likely to be a considerable underestimate, other than for the vertebrates. At the majority of locations baseline survey and monitoring data are simply unavailable for most invertebrate and lower plant groups while, even for locations and groups where data are available, there are no ongoing programmes monitoring distribution and abundance changes or impacts. The presence of non-indigenous microbiota is particularly poorly known (Convey, 2008; Frenot et al., 2005) , compounded by the challenge of classifying any new microbial record as being anthropogenically rather than naturally introduced, or already native to the region under consideration. Circumstantial evidence is provided by the identification of microbial taxa present at human impacted sites (e.g. close to research stations) but not at neighbouring pristine areas (e.g. Azmi and Seppelt, 1998; Upton et al., 1997) . In recent years, the use of molecular biological methodologies has started to improve the potential of identifying non-indigenous microbes (e.g. Baker et al., 2003) .
Vigilance
Both tourists and national operator personnel share a common feature in the pattern of their contact with the continent, this being to visit more than one location, and sometimes several, in succession over a short period of the summer season. This often, for practical reasons, involves progression from less extreme to more extreme locations, in essence providing a series of logistic and geographical 'stepping stones' for potential colonists. Thus, as well as the clear risk identified above of inadvertent transfer of non-indigenous species into the region, there is also the potential for transfer of biota between different locations within Antarctica, with many of these biota highly likely to be appropriately preadapted to permit establishment at the new location(s) (e.g. Chown and Convey, 2007; Convey, 2008) . In terms of impacts on regional biodiversity, given the recent recognition of clear and long standing evolutionary isolation and bioregionalisation within Antarctica (including the sub-Antarctic islands), this latter risk is at least as serious as the more widely recognised former risk, presenting a clear conservation management challenge for the region Grant et al., in press) .
Until the recent International Polar Year programme 'Aliens in Antarctica' (www.aliensinantarctica.aq) there had been no concerted effort to quantify the objective risks associated with the various different communities, logistic routes and means of moving people and cargo to and from the continent. At the same time, the issue of 'alien species' has now been placed as a standing agenda item of the Committee for Environmental Protection of the Antarctic Treaty System. Thus, there has been a recent upsurge of research, national operator and public interest in the subject. Previously anecdotal knowledge of 'accidental' transfer events is now being replaced by examples of careful documentation (e.g. Lee and Chown, 2009a,b; Whinam et al., 2004) . Hughes et al.'s (2010) study highlights the very real risks associated with transfer of cargo and equipment between successive locations within Antarctica, in this case of mechanical plant from sub-Antarctic South Georgia to maritime Antarctic Adelaide Island. A clear failure of application of existing biosecurity procedures led to over 130 kg of soil, including live plants (phanerogams and cryptogams), arthropods, nematodes, viable seeds and microbes being transferred, with this oversight not being noticed until a week after arrival. Several of the species identified during this study are either already native to locations on the Antarctic Peninsula (i.e. potentially leading to dilution of regional genetic diversty; Chown and Convey, 2007) , or were previously the subject of 1960s transplant experiments confirming their ability to survive in the more extreme maritime Antarctic environment (even before recent climate amelioration trends) (Smith, 1996) , while at least two species of invertebrate are already successfully established non-indigenous species elsewhere in the maritime Antarctic.
Concluding discussion
Recent advances in knowledge of Antarctic terrestrial diversity have been substantial, and sufficient to underpin paradigm shifts in the patterns recognised and their implications both within biology and beyond (Convey and Stevens, 2007; Convey et al., 2008 Convey et al., , 2009a . However, there remain considerable gaps in knowledge, both in taxonomic (i.e. within all higher taxonomic groups present, even those that are 'better known') and geographic (i.e. spatial distribution of survey effort) contexts Chown and Convey, 2007; Peat et al., 2007) . For virtually all biological groups, it remains typical that available data are skewed towards the physical vicinity of a small number of research locations, in particular following the historical patterns of activity of a small number of individual specialist biologists, and that often in the early decades of Antarctic biological exploration Chown and Convey, 2007) . Thus, there is an urgent need to rectify the absence of effort devoted to high quality baseline biodiversity survey, which must underpin any pure or applied research effort aimed at identifying patterns, even before attention is given to the potential consequences of global or regional environmental change and other human impacts on this biodiversity, or to the increasingly recognised need for conservation management approaches within the region. Recent advances in and application of modern techniques within molecular biology, in concert with classical approaches, are now leading to rapid and fundamental changes in our view of Antarctic terrestrial diversity, even in previously intractable microbial groups (e.g. Bridge et al., 2008; Pugh, 1993 Pugh, , 2004 Pugh et al., 2002; Sjoling and Cowan, 2003; Vyverman et al., 2010) .
Antarctica is, rightly, at the forefront of research effort into the processes and consequences of global environmental change Turner et al., 2009a) , with the Antarctic Peninsula in particular being one of the three most rapidly changing regions on the planet, and the most rapid in the Southern Hemisphere. Paradoxically, the majority of the continent has been protected from the full impact of these global climatic change processes over the last several decades by the formation of the Antarctic ozone hole (Turner et al., 2009b) , itself a separate consequence of anthropogenic pollution of the atmosphere. This protection is forecast to wane over the next century, as the ozone hole repairs, meaning that the entire continent is forecast to experience considerable climatic changes over coming decades. The terrestrial and freshwater ecosystems of Antarctica are uniquely placed to provide understanding and early warning of the likely effects of environmental change for ecosystem processes and services, of global relevance and application. Clear changes in some native ecosystems are already apparent , although in reality limited to few specific terrestrial Parnikoza et al., 2009) or limnetic (Quayle et al., 2002 (Quayle et al., , 2003 ecosystems, communities or species. Likewise, the importance of direct human impacts (habitat damage and modification, pollution, species introductions) as potentially compromising ecosystem structure and function has only recently started to receive recognition and research attention (Frenot et al., 2005; Tejedo et al., 2009; Tin et al., 2009) , despite one of the founding principles of the Antarctic Treaty being to ensure the preservation of the environment of Antarctica. In the context of research to underpin knowledge both of biological responses to environmental change and other direct human impacts there has been a long-term and critical failure at national level in recognition and funding of appropriate monitoring or manipulation/modelling programmes applied to key communities and locations, which requires urgent rectification.
There have been considerable advances in knowledge and understanding of Antarctic terrestrial diversity in recent years (e.g. Adams et al., 2006; Greenslade, 1995; Ochyra et al., 2008; Øvstedal and Smith, 2001; Pugh, 1993 Pugh, , 2004 Pugh and Convey, 2008; Pugh et al., 2002) . In part this has been achieved through the impetus from 'umbrella' research programmes, as exemplified by the SCAR RiSCC (Regional Sensitivity to Climate Change in Antarctic Terrestrial and Limnetic Ecosystems, 2000e2005) and EBA (Evolution and Biodiversity in Antarctica, www. eba.aq; 2005e2013) programmes, which have been central in encouraging international collaboration, data sharing and analyses, and the establishment of robust terrestrial biodiversity databases. Even now, the full potential of these approaches is yet to be realised, and the terrestrial research community would do well to follow the example set in the marine realm by two further SCAR-endorsed research efforts e the SCARMarBIN marine biodiversity database (www. scarmarbin.be) and the IPY programme 'Census of Antarctic Marine Life (CaML; www.caml.aq).
